ABSTRACT: A robust, generally applicable, nongenetic technology is presented to convert monoclonal antibodies into stable and homogeneous ADCs. Starting from a native (nonengineered) mAb, a chemoenzymatic protocol allows for the highly controlled attachment of any given payload to the N-glycan residing at asparagine-297, based on a two-stage process: first, enzymatic remodeling (trimming and tagging with azide), followed by ligation of the payload based on copper-free click chemistry. The technology, termed GlycoConnect, is applicable to any IgG isotype irrespective of glycosylation profile. Application to trastuzumab and maytansine, both components of the marketed ADC Kadcyla, demonstrate a favorable in vitro and in vivo efficacy for GlycoConnect ADC. Moreover, the superiority of the native glycan as attachment site was demonstrated by in vivo comparison to a range of trastuzumab-based glycosylation mutants. A side-by-side comparison of the copper-free click probes bicyclononyne (BCN) and a dibenzoannulated cyclooctyne (DBCO) showed a surprising difference in conjugation efficiency in favor of BCN, which could be even further enhanced by introduction of electron-withdrawing fluoride substitutions onto the azide. The resulting mAb-conjugates were in all cases found to be highly stable, which in combination with the demonstrated efficacy warrants ADCs with a superior therapeutic index.
■ INTRODUCTION
More than 50 years after the first mice studies with an antibody−drug conjugate, 1 Ehrlich's dream 2 of the "magic bullet" for application in the field of oncology was recently realized with two ADCs receiving market approval: Adcetris (2011), a CD30-targeting ADC for treatment of Hodgkin lymphoma and sALCL, and Kadcyla (2013), a HER2-targeting ADC for breast cancer. The promising clinical results of both these marketed ADCs have tremendously boosted interest in targeted drug delivery for cancer treatment, with currently more than 40 ADCs in clinical development. The vast majority of ADCs in the clinic are based on conjugation of payload to naturally available amino acid side-chains (lysine, cysteine), leading to a stochastic distribution of drug−antibody ratio (DAR) between 0 and 8 (or even higher). 3 It has been demonstrated that random conjugation has a negative impact on efficacy, 4 and as a consequence the therapeutic index remains low (e.g., efficacious and maximum tolerated dose are similar for Kadcyla). 5, 6 Two main strategies can enhance the therapeutic index of a given mAb-payload combination: (a) site-specific conjugation 7 and (b) enhancing stability. 8, 9 Site-specific conjugation is typically achieved by engineering of a specific amino acid (or sequence) into an antibody, serving as the anchor point for payload attachment. 10 However, re-engineering of protein sequence and site optimization is a laborious exercise. Moreover, expression yields may be compromised (typically ∼50% yield reduction for a cysteine-engineered mAb, 11 while expression yields for genetic encoding of an unnatural amino acid typically reach 1 g/L maximally), 12, 13 which has a significant impact on the cost of goods of the ADC. Finally, it has been amply demonstrated that ADCs obtained by conjugation to cysteine side chains often display limited stability in circulation, leading to premature disconnection of the cytotoxic payload before the tumor site is reached. 4 Some recent improvements in the field are notable, 8, 9, 14 however obviously still require a cysteine-engineered mAb.
Hence, ADC technologies should preferentially meet the following criteria: (a) use of native mAb (nongenetic approach), (b) control of conjugation site, and (c) delivery of a highly stable product. We report here a unique and robust chemoenzymatic technology for efficient mAb-to-ADC conversion by anchoring a payload to the antibody's glycan at asparagine-297 ( Figure 1A ). By means of consecutive enzymatic glycan trimming and tagging of each N-glycan with precisely one azide, a unique anchor point is introduced for copper-free click conjugation with a payload. The versatility of this technology, termed GlycoConnect, is demonstrated across a range of different mAb isotypes and linker−payload combinations both in vitro and in vivo. Seamless upscaling of GlycoConnect corroborated manufacturability, whereas the superiority of the native glycosylation site for conjugation was demonstrated through in vivo efficacy assessment of a series of ADCs based on glycosylation mutants.
■ RESULTS AND DISCUSSION
All monoclonal antibodies are glycosylated at (or around) Asn-297. While variability of the glycan structure of an antibody exists within a single batch of mAb ( Figure 1B) , the exact ratio of isoforms differs per IgG isotype and is moreover highly dependent on the mammalian expression system used (CHO, sp2/0 or NS0). 15 Complex glycans (G0−2) typically dominate, largely fucosylated at the core GlcNAc, while >10% of galactose residues may additionally be sialylated and various levels of mannosylated glycans (5−17%) may be present. 16 The exact nature of the glycan is fundamentally important during antibody monotherapy by binding to Fcγ-receptors, 17 thereby inducing antibody-directed cellular cytotoxicity (ADCC) and/ or complement-dependent cytotoxicity (CDC). For targeting therapy as with ADCs, however, effector function plays only a marginal role, whereas the presence of glycans may actually be considered disadvantageous due to reduced tumor-specific targeting as a result of uptake by FcγR-positive cells. 18 Offtarget cellular uptake of the ADC by mannose receptors may be additionally disadvantageous. 19 We reasoned that the globally conserved glycan may be rendered advantageous by serving as a natural anchor point for payloads. However, the heterogeneous nature of the glycan precludes the direct introduction of a defined number of payloads onto the glycan. For example, the first reported approach along this line involved periodate oxidation of terminal galactose residues, followed by oxime ligation of payload, which led to a wide distribution of different conjugates. 21 Qasba et al.
were the first to demonstrate that, after prior convergence of different glycoforms to G0(F) upon galactosidase and sialidase treatment, chemoenzymatic fluorescent labeling of antibody could be effected with galactosyltransferase GalT(Y289L) and ketosugar 1 ( Figure 2 ). 22, 23 Lewis et al. also applied a chemoenzymatic strategy to J591, a PSMA-targeting antibody, with azido-modified GalNAc (GalNAz, 2), followed by radiolabeling with strain-promoted azide− alkyne cycloaddition (SPAAC). 24 Finally, Boons et al. followed a two-stage approach for ADC generation of a CD22-targeting antibody via conversion of G0(F) to G2(F) isoforms by enzymatic galactosylation, followed by enzymatic introduction of C9-azido-modified sialic acid (SialAz, 3) and subsequent copper-free click conjugation of payload with a dibenzoannulated cyclooctyne (DIBO). 25 The above chemoenzymatic strategies, by virtue of the branched nature of G0, all generate ADCs with DAR4, which may not always be desirable, for example, when extremely potent and/or lipophilic payloads are employed, e.g., pyrrolobenzodiazepine (PBD) dimers. Moreover, the high lipophilicity of the resulting ADCs, further enhanced in case a benzoannulated cyclooctyne is applied, may lead to increased aggregation and accelerated hepatic clearance from circulation. Finally, it must be noted that mannosylated glycoforms (typically 5−17%) are not converted into an ADC based on the above protocols. We set out to investigate a chemoenzymatic ligation strategy to generate DAR2 ADCs, based on the strategy depicted in Figure 1 : (1) trimming of all glycan isoforms (complex, hybrid, high-mannose) with an endoglycosidase, thereby liberating the core GlcNAc; (2) enzymatic transfer of a galactose residue harboring a reactivity-enhanced azide to reduce conjugation stoichiometry and incubation time; and (3) copper-free click conjugation with bicyclononyne (BCN), a cyclooctyne with minimal lipophilicity to reduce aggregation. Endoglycosidase Treatment. As described above, a mAb obtained by recombinant expression in a mammalian system will display high glycan heterogeneity. While the main glycan isoforms of a mAb expressed in CHO are depicted in Figure  1B , recombinant expression in other mammalian cells (Sp2/0, NS0) typically further enhances heterogeneity due to formation of varying amounts of hybrid, bisected, α-galactosylated, and Nsialylated glycans. 16 Thus, effective trimming of all N-glycans present on any IgG requires access to an endoglycosidase with excellent substrate tolerability. In addition, high activity of the endoglycosidase (or more precise: endo-β-N-acetylglucosaminidase) is of course also desirable. With this in mind we selected glycosidases with high glycan tolerability and reported IgG activity, i.e., endo F3, endo S, and endo S2. As model antibodies, we used trastuzumab, with a single glycosylation site at Asn-300, and cetuximab, which belongs to the ∼20% of mAbs harboring two glycosylation sites (one at Asn-299 and one at Asn-88). 26 Endo F3 is known to cleave a wide variety of complex glycans, but not oligomannose and hybrid structures and has 400-fold lower activity on nonfucosylated glycans. 27 Indeed, we found that upon incubation of trastuzumab with endo F3, the majority of glycans was readily removed, but full trimming was not attained, even with large excess of enzyme. A similar situation occurred with endo S, 28, 29 which is highly active even with nonfucosylated glycansbut fails to hydrolyze oligomannose structures. Finally, we anticipated that endo S2 would display the desirable combination of substrate tolerability and activity. 30 Indeed, incubation of trastuzumab with only 1% (w/w) of enzyme was sufficient for full hydrolysis of the glycans, including oligomannose structures, as judged by SDS-PAGE and mass spectrometric analysis (Supporting Information).
Galactosyl Transferase. In 2002, Qasba et al. reported that a single mutation of a wild-type galactosyltransferase, GalT-(Y289L), resulted in excellent transferase activity of N-acetyl-Dgalactosamine (GalNAc) 31 and could also be applied to transfer a 2-keto-derivative of galactose (1, Figure 2 ) onto a GlcNAc substrate. 32 For the highly similar polypeptide-galactosaminyltransferase, Bertozzi et al. showed that the azido-modified GalNAc analogue GalNAz (2, Figure 2 ) is an effective substrate. 33 These observations were elegantly combined by Lewis et al. in 2013, showing that GalT(Y289L) is also able to recognize and incorporate GalNAz onto glycoproteins. 24 We speculated that GalT(Y289L) may not only be effective in functionalization of the natural substrate for galactosylation the terminal GlcNAc of complex glycansbut also be applied in transfer of GalNAz onto the mAb core N-GlcNAc liberated upon endoglycosidase treatment (structure II in Figure 1 ). Indeed, we found that incubation of trimmed trastuzumab (II) with GalNAz 2 (0.4 mM) in the presence of only 1% (w/w) of GalT(Y289L) and MnCl 2 (10 mM) led to complete labeling after overnight incubation, thereby effectively installing precisely two azide groups (one per heavy chain) onto the antibody (i.e., structure III in Figure 1 labeled with galactose derivative 2 as depicted in Figure 2 , denoted as III-2).
Click Conjugation/Choice of Cyclooctyne. Having successfully obtained bis-GalNAz-modified trastuzumab (III-2), the stage was set to investigate the conjugation of a functional group by means of click chemistry. Our initial investigations focused on the use of copper-mediated click chemistry. To this end, trastuzumab (GalNAz) 2 III-2 was incubated with commercially available propargyl (+)-biotin derivative 6 (Figure 3 ), in the presence of CuSO 4 and Naascorbate (Supporting Information). While complete labeling was observed after overnight incubation, as corroborated by MS analysis, a close inspection of the mass profile of the adduct, in particular after enzymatic digestion, indicated that several amino acids (His-288, Met-4) had suffered from partial concomitant oxidation. Although careful optimization of reaction conditions could possibly annihilate undesired amino acid oxidation, it was reasoned that such optimization would need to take place on case-by-case (mAb) basis, since even small amounts of oxidized protein may induce immunogenic response. An elegant solution to avoid copper involves trainpromoted chemistry with cyclooctynes, as originally applied by Bertozzi et al. 34 However, the low reaction rate constants of the original cyclooctynes urged the development of a whole range of improved cyclooctynes over the years. 35 Some of us (S.V.B., F.V.D.) contributed to the field (2010) bicyclo[6.1.0]nonyne (BCN) 36 and dibenzoazacyclooctyne (DBCO, originally named DiBAC), 37 two cyclooctynes with a significantly improved reactivity profile, which have nowadays firmly established themselves in the field of strain-promoted azide−alkyne cycloaddition.
We anticipated that copper-free conjugation would fully avoid the aforementioned undesired amino acid oxidation. Thus, we prepared a range of derivatives ( Figure 3A ) of BCN- pyrene (7) and DBCO-pyrene (8), separated by a range of ethylene glycol linkers of different length (n = 4, 8, 12). Pyrene was selected to mimic the typically hydrophobic payloads needed for ADC purpose, while the PEG-linkers of different chain length were included to evaluate their potential to facilitate conjugation of the hydrophobic pyrene and cyclooctyne moieties. In addition, we compared conjugation efficiency of both BCN and DBCO under aqueous conditions, in particular, in light of the anticipated higher reactivity of DBCO versus BCN (for aliphatic azides), but also due to the much greater hydrophobic nature of the former. Hence, trastuzumab(GalNAz) 2 III-2 ( Figure 3 ) was incubated with 7a−c or 8a−c and progress of the reactions was monitored by mass spectrometry (Supporting Information). As anticipated, conjugation of BCN-PEG-pyrene gradually improved by increasing PEG chain length from 4 to 8 ethylene glycol units (no further improvement was observed for PEG 12 ). A similar trend was noted for conjugation of DBCO-PEG n -pyrene (n = 4 or 8); however, much to our surprise further increase in ethylene glycol chain length to 12 in fact thwarted the conjugation process, which did not exceed beyond 20%. 38 The inability of DBCO to reach full conversion during SPAAC has in fact already been reported for labeling of monoclonal antibodies containing an azidoamino acid. 13 Nonetheless, in all cases it was found that SPAAC with BCN (reaching full conversion) was clearly favorable over DBCO (leveling off at max ∼60%). In addition, we established that ADCs containing DBCO show enhanced propensity to aggregate compared to their BCN-analogues (Supporting Information).
ADC Production and Stability. With all components in place (enzymes, substrate, and BCN), the stage was set to generate ADCs via our glycan remodeling−copper-free click strategy. Hence, we synthesized a range of BCN-linker-payload constructs, summarized in Table 1 (structures summarized in Supporting Information), with variation of linker (short/long, cleavable/noncleavable) and payload (monomethyl auristatins E and F, duocarmycin SA, maytansine). 39 As becomes apparent from Table 1 (entries 1−6) varying amounts of organic cosolvent were required, depending on linker-payload, to ensure full solubility during conjugation. In the majority of cases, 5% of DMF sufficed to ensure full conjugation (>95%) of BCN-linker-payload, although 12.5% was required for the highly hydrophobic BCN-PEG 4 -vc-PABA-DMEDA-duocarmycin SA construct (entry 6). Shortening of the PEG linker, as in the BCN-PEG 2 -glutaryl derivative (entry 5), not only required 25% of cosolvent, but also resulted in reduced conjugation efficiency (60%). It must be noted that, although all conjugations in Table 1 were performed on trastuzumab as model system, application to other mAbs afforded similar results (vide infra). Stability studies were performed by incubating ADCs based on MMAF and maytansine for a prolonged time in blood plasma (2 weeks, 37°C), which showed no sign of degradation of linker in either case. 40 In addition, aggregation studies under similar conditions showed <1% formation of aggregates after 2 weeks in plasma at 37°C for both ADCs (see Supporting Information). Our next objective was to demonstrate the scalability of the GlycoConnect technology. To this end, 5 g of Rituxan (rituximab), an antibody known to be less stable than trastuzumab, was subjected to the chemoenzymatic modification protocol. Much to our satisfaction, we found that upscaling GlycoConnect to increasing amounts of rituximab (5 mg → 100 mg → 1 g → 5 g) and subsequent conjugation with BCN-PEG 8 -doxorubicin proceeded seamlessly, affording the desired ADC with excellent homogeneity (Supporting Information).
In Vitro and In Vivo Evaluation. Some of the ADCs prepared above were evaluated for their cell-killing potential on a Her2-overexpressing cell line (SK-Br-3) and compared to a Her2-negative cell line (MDA-MB231). As becomes clear from Figure 4 , both maytansine-and MMAF-based ADCs showed comparable or better cytotoxicity than the benchmark Kadcyla, the marketed ADC that is also based on trastuzumab and maytansine hence only differs in conjugation technology. The advantage of glycan-remodeled ADCs versus randomly labeled ADCs becomes even more apparent in vivo. To this end, PDX mice with an average tumor size of 100 mm 3 were intravenously injected with one of three different GlycoConnect ADCs (cleavable/noncleavable with maytansine or cleavable with MMAF) and compared to Kadcyla at 9 mg/kg (single dose bolus injection), followed by twice weekly tumor sizes measurements ( Figure 5 ). During the first week, all groups showed significant tumor shrinkage or even complete regression. After 1 week, tumor sizes gradually increased for mice treated with Kadcyla but not for any of the GlycoConnect ADCs. Only after approximately 3 weeks, reappearance and regrowth of tumors became apparent for mice treated with trastuzumab-vc-PABA-MMAF, while both ADCs based on maytansine (cleavable or noncleavable) showed complete tumor regression for the whole length of the study (60 days). This study thus clearly demonstrates the superiority of GlycoConnect conjugation technology versus a randomly conjugated ADC based on the same components. The latter observation becomes particularly interesting in view of the higher drug loading of Kadcyla (average DAR3.5) 3 versus GlycoConnect ADCs (DAR2).
Finally, it was established that glycan remodeling does not negatively impact pharmacokinetics. Although theory dictates that the mAb glycan plays no role in reshuttling of mAb by the FcRn receptor, 41 we felt it important to corroborate the latter also in the context of glycan-remodeled ADCs. To this end, trastuzumab (native and trimmed) and both trastuzumab-vc-PABA-based ADCs were (randomly) radiolabeled with 111 In and injected into mice. Samples were taken at preset time intervals and measured for residual radioactivity. As expected, no difference in blood clearance was observed (Supporting Information).
More Reactive Azido-Substrates. Recently, it was reported by van Delft et al. that reaction rate constants for SPAAC with BCN can be tremendously accelerated by applying electron-poor aromatic azides instead of the traditional aliphatic azides. 42 For example, it was demonstrated that an azidopyridinium derivative reacts >30 times faster than benzyl azide with BCN (but not with DBCO) following an inverse electrondemand mechanism. We speculated that a similar effect may be operative upon introduction of electron-withdrawing fluoride substituents on aliphatic azides, to potentially further enhance payload conjugation efficiency. Indeed, a competition experiment between model substrates N 3 CH 2 C(O)NHBn and N 3 CF 2 C(O)NHBn for reaction with BCN indicated a 2.3-fold higher activity of the difluorinated analogue (see Supporting Information). Based on this result, we designed and synthesized the difluorinated UDP-GalNAc derivative UDP-F 2 −GalNAz (4, Figure 2 ) for evaluation in GlycoConnect. Enzymatic incorporation with GalT(Y289L) onto trimmed trastuzumab II (Figure 1) proceeded smoothly under standard conditions, to produce trastuzumab (F 2 − GalNAz) 2 derivative III-4. Another competition experiment was performed, in this case involving incubation of equimolar amounts of nonfluorinated (GalNAz-based) III-2 and difluorinated III-4 with a substoichiometric amount of BCN-PEG 2000 in PBS buffer, again indicating a >2-fold increase in reactivity for the difluorinated analogue (see Supporting Information). Encouraged by these results, we investigated whether GalT-(Y289L) would also be able to incorporate the azide derivative of difluorinated N-benzoyl-D-galactosamine (F 2 −GalNBAz, 5, Figure 2 ), which based on our earlier study was expected to display a reaction rate constant at least 15 times higher than GalNAz. Initial remodeling experiments, under standard conditions, indicated only poor enzymatic incorporation of F 2 −GalNBAz. However, increasing the concentration of UDPsubstrate 5 to 5 mM and GalT(Y289L) to 15% (w/w) ensured full conversion of II, leading to quantitative formation of trastuzumab(F 2 −GalNBAz) III-5 as judged by mass spectrometry. In order to improve the activity of the galactosyltransferase, we designed and produced a small set of Y289 mutants. Interestingly, we found that one of these mutants, GalT-(Y289M), dramatically enhanced the efficiency of incorporation of F 2 −GalNBAz, which ensured full conversion into III-5 under much improved conditions (150 μM GalT(Y289M) and 5 mM 5).
With two difluorinated azido-trastumumab derivatives in hand, the stage was set to evaluate their suitability of ADC preparation. Thus, III-4 (F 2 −GalNAz) or III-5 (F 2 −GalNBAz) were incubated with BCN-Ahx-maytansine or BCN-vc-PABAmaytansine), with minimal reagent stoichiometry and low reaction times. In line with the enhanced activities of the respective azides, it was found that full conversion of III-4/5 into IV-4/5 could be ensured within 4 h using as little as 1.5 equiv of BCN-linker-toxin per azide. The enhanced reactivities of the difluorinated substrates may translate into significantly improved manufacturability (reduced stoichiometry and time in plant) and, hence, cost of goods.
Having generated most of our data with trastuzumab, a particular robust monoclonal antibody, we next moved to different monoclonal antibodies to demonstrate the applicability of GlycoConnect. First of all, we investigated the applicability of GlycoConnect on IgG2 and IgG4 isotypes. Both antibody formats are known to be susceptible to domain scrambling under reducing conditions, which are inevitable for any cysteine-based conjugation technology. Second, we evaluated GlycoConnect in the context of mAbs produced in Sp2/0 and NS0. A range of commercially available therapeutic antibodies was obtained: infliximab (IgG1 from Sp2/0), palivizumab (IgG1 from NS0), panitumumab (IgG2 from CHO), and natalizumab (IgG4 from NS0). After dialysis to remove excipients, each mAb was subjected to our standard protocol for conversion into ADC and the process was followed by mass spectrometry. In all cases, clean and quantitative conversion into ADC was observed ( Figure 6 ).
Site-Scanning Study. Finally, we set out to investigate if the native glycosylation site is indeed optimal in the context of efficacy. It has been amply demonstrated by others that there is a relevant correlation between conjugation site and ADC efficacy. 43 Most recently, it was demonstrated 44 that ADCs with cleavable linkers are significantly less stable in mouse plasma if not conjugated at or around Asn-297. The latter observation is highly inconvenient if a mouse xenograft model is used to assess ADC efficacy, although (presumably) not prohibitive for eventual clinical application in humans. Endorsing the importance of the site of conjugation, we performed a small site-scanning study for trastuzumab-based ADCs by engineering a new glycosylation site into trastuzumab heavy chain or light chain (based on the sequence N-X-S/T) and simultaneously mutating Asn-300 to Gln (trastuzumab numbering). The newly designed trastuzumab double mutants were transiently expressed in CHO and glycosylation was confirmed by mass spectrometry. Next, each individual trastuzumab mutant was subjected to endoglycosidase endo F3, 45 followed by enzymatic incorporation of F 2 −GalNAz 4, purification by protein A affinity chromatography, and SPAAC with BCN-PEG 4 -Ahx-maytansine. The resulting, noncleavable ADCs were purified by size-exclusion chromatography and the resulting ADCs were injected into PDX mice at suboptimal dose (6 mg/ kg) in order to be able to quantify differences in efficacy. We were pleased to find that, in accordance with previous reports, the most efficacious ADC (red line) was indeed derived from native trastuzumab Asn-300 (Figure 7) . However, an important difference is that the set of ADCs investigated in our study involved solely noncleavable linkers, which excludes the role of a potential endogenous serine hydrolase in differentiating between the range of conjugates. 44 
■ CONCLUSION
A straightforward and robust technology for conversion of mAbs into ADCs has been developed, based on enzymatic remodeling of naturally present glycans, followed by copperfree click conjugation with BCN-payload constructs. The methodology is generally applicable to any recombinant IgG isotype, irrespective of mammalian expression system and linker−payload combination. The resulting ADCs were found to be homogeneous and highly hydrolytically stable, while displaying negligible aggregation. Benchmark in vitro and in vivo efficacy studies against the marketed product Kadcyla, based on the same antibody and payload components, generated strong biological data in favor of the GlycoConnect ADCs, despite the lower DAR. The superiority of the natural mAb glycosylation site around Asn-297 was demonstrated in vivo by a side-by-side comparison of a range of trastuzumab glycomutants. Current efforts in our laboratory are focusing on the development of linkers with increased potential to accommodate highly lipophilic payloads (duocarmycins, PBD dimers) versus the commonly employed ethylene glycol linkers, which show only limited usefulness in this regard. Moreover, we are looking into branched linker formats that may allow for ADCs with higher DAR (4−8), and possibly even combinations of payloads with different modes of action, to combat multidrug-resistant tumors with a combination therapy-like approach. In summary, GlycoConnect technology is readily applicable to any off-the-shelf monoclonal antibody (turnaround in <1 week), while delivering site-specific, stable, and highly efficacious ADCs. We are confident therefore that GlycoConnect shows high promise as the next-generation ADC generation technology for targeted therapy with improved therapeutic index.
■ EXPERIMENTAL PROCEDURES
Solvents were purchased from Sigma-Aldrich or Fisher Scientific and used as received. Thin layer chromatography was performed on silica gel-coated plates (Kieselgel 60 F254, Merck, Germany) with the indicated solvent mixture, spots were detected by KMnO 4 staining (1.5 g KMnO 4 , 10 g K 2 CO 3 , 2.5 mL 5% NaOH-solution, 150 mL H 2 O), p-anisaldehyde staining (9.2 mL p-anisaldehyde, 321 mL EtOH, 17 mL H 2 O, 3.75 mL AcOH, 12.7 mL H 2 SO 4 ), and UV-detection. NMR spectra were recorded on a Bruker Biospin 400 (400 MHz) and a Bruker DMX300 (300 MHz). Protein mass spectra (HRMS) were recorded on a JEOL AccuTOF JMS-T100CS (Electrospray Ionization (ESI) time-of-flight) or a JEOL AccuTOF JMS-100GCv (Electron Ionization (EI), Chemical Ionization (CI)). Low-resolution mass spectra (LRMS) were recorded on a ThermoScientific Advantage LCQ Linear ion-trap electrospray or a Waters LCMS consisting of a 2767 Sample manager, 2525 pump, 2996 UV-detector, and a Micromass ZQ with an Xbridge C18 3.5 μm column (ESI). 3,4,6-Tri-O-acetyl-2-azido-2-deoxy-α-D-galactose-1-phosphate (9). Compound 9 was prepared from D-galactosamine according to the procedure described for D-glucosamine by Linhardt et al. (10) . To a solution of azide 9 (105 mg, 0.26 mmol) in MeOH (3 mL) was added Pd/C (20 mg). The reaction was stirred under a hydrogen atmosphere for 2 h and filtered over Celite. The filter was rinsed with MeOH (10 mL) and the filtrate was concentrated in vacuo to afford free amine 10 (94 mg, 0.244 mmol, 96%). (12) . Monophosphate 11 was coupled to UMP according to the procedure reported by Baisch et al. 47 Thus, a solution of D-uridine-5′-monophosphate disodium salt (98 mg, 0.266 mmol) in H 2 O (1 mL) was treated with DOWEX 50Wx8 (H + form) for 40 min and filtered. The filtrate was stirred vigorously at r.t. while tributylamine (63 μL, 0.266 mmol) was added dropwise. After 30 min of stirring, the reaction mixture was lyophilized and further dried over P 2 O 5 under vacuum for 5 h.
The resulting tributylammonium uridine-5′-monophosphate was dissolved in dry DMF (15 mL) under an argon atmosphere. 1,1′-Carbonyldiimidazole (35 mg, 0.219 mmol) was added and the reaction mixture was stirred at r.t. for 30 min. Next, dry MeOH (4.63 μL) was added and the reaction was stirred for 15 min to remove the excess carbonyl diimidazole. The leftover MeOH was removed under high vacuum for 15 min. Subsequently, N-methylimidazole, HCl salt (61 mg, 0.52 mmol) was added to the reaction mixture and the monophosphate 11 (63 mg, 0.125 mmol) was dissolved in dry DMF (15 mL) and added dropwise to the reaction mixture. The reaction was allowed to stir at r. The resulting tributylammonium uridine-5′-monophosphate was dissolved in dry DMF (25 mL) under an argon atmosphere. Carbonyldiimidazole (1.38 g, 8.51 mmol) was added and the reaction mixture was stirred at r.t. for 30 min. Next, dry MeOH (180 μL) was added and the reaction was stirred for 15 min to remove the excess carbonyldiimidazole. The leftover MeOH was removed under high vacuum for 15 min. Subsequently, compound 9 (2.0 g, 4.86 mmol) was dissolved in dry DMF (25 mL) and added dropwise to the reaction mixture. The reaction was allowed to stir at r. (14) . Compound 13 (222 mg, 0.309 mmol) was dissolved in H 2 O (2.5 mL) and triethylamine (2.5 mL) and MeOH (6 mL) were added. The reaction mixture was stirred for 3 h at r.t. and then concentrated in vacuo to afford crude 14. 37 (m, 2H) 
To a solution of 4-azido-3,5-difluorobenzoic acid was added dicyclohexylcarbodiimide (1.1 equiv) and N-hydroxysuccinimide (1.2 equiv) and the resulting suspension was stirred overnight at r.t. followed by vacuum filtration. The filtrate was concentrated and dissolved in EtOAc followed by washing with saturated NaHCO 3 (aq.) and brine. The organic layer was dried over Na 2 SO 4 , filtrated, and concentrated in vacuo to use crude in the next reaction. Prior to mass spectral analysis, IgGs were either treated with DTT, which allows analysis of both light and heavy chain, or treated with Fabricator (commercially available from Genovis, Lund, Sweden), which allows analysis of the Fc/2 fragment. For analysis of both light and heavy chain, a solution of 20 μg (modified) IgG was incubated for 5 min at 37°C with 100 mM DTT in a total volume of 4 μL. If present, azide-functionalities are reduced to amines under these conditions. For analysis of the Fc/2 fragment, a solution of 20 μg (modified) IgG was incubated for 1 h at 37°C with Fabricator (1.25 U/μL) in phosphate-buffered saline (PBS) pH 6.6 in a total volume of 10 μL. After reduction with DTT or Fabricator-digestion the samples were washed trice with Milli-Q using an Amicon Ultra-0.5, Ultracel-10 Membrane (Millipore) resulting in a final sample volume of approximately 40 μL. Next, the samples were analyzed by electrospray ionization time-of-flight (ESI-TOF) on a JEOL AccuTOF. Deconvoluted spectra were obtained using Magtran software.
Glycan Trimming of Trastuzumab with Endo S. Trastuzumab I (10−20 mg/mL) was incubated with endo S from Streptococcus pyogenes (4 U/mg IgG, commercially available as IgGZERO from Genovis, Lund, Sweden) in 25 mM Tris pH 8.0 for 16 h at 37°C. Next, trimmed IgG (II) was concentrated and washed with 10 mM MnCl 2 and 25 mM TrisHCl pH 8.0 using an Amicon Ultra-0.5, Ultracel-10 Membrane (Millipore).
After deconvolution of peaks, the mass spectrum showed one peak of the light chain and two peaks of the heavy chain. The two peaks of heavy chain belong to one major product (49 496 Da, 90% of total heavy chain), resulting from core GlcNAc-(Fuc) substituted trastuzumab, and a minor product (49 351 Da, ±10% of total heavy chain), resulting from trimmed trastuzumab lacking L-fucose.
Protocol for Glycosyltransfer of UDP-GalNAz (2) or UDP-F 2 −GalNAz (4) with GalT(Y289L) to Obtain III-2 or III-4. Trimmed trastuzumab II (10 mg/mL) was incubated with the appropriate UDP-GalNAc derivative 2 (commercially available from CarboSynth, Compton, Berkshire, UK) or 4 (0.4 mM) and β(1,4)-Gal-T1(Y289L) 48 (0.1 mg/mL) in 10 mM MnCl 2 and 25 mM Tris-HCl pH 8.0 for 16 h at 30°C. Next, the functionalized trastuzumab was purified on a HiTrap MabSelect SuRe 5 mL column (GE Healthcare) using an AKTA purifier-10 (GE Healthcare). The eluted IgG was immediately neutralized with 1.5 M Tris-HCl pH 8.8 and dialyzed against PBS pH 7.4. Next the IgG was concentrated using an Amicon Ultra-0.5, Ultracel-10 Membrane (Millipore) to a concentration of 20 mg/mL.
Mass spectral analysis of III-2 after reduction with DTT indicated the formation of one major product (49 713 Da, 90% of total heavy chain), resulting from GalNAz transfer to core GlcNAc(Fuc) substituted trastuzumab, and a minor product (49 566 Da, ±10% of total heavy chain), resulting from GalNAz transfer to core GlcNAc substituted trastuzumab.
Mass spectral analysis of III-4 after reduction with DTT indicated the formation of one major heavy chain product (49 865 Da, approximately 90% of total heavy chain), resulting from F 2 −GalNAz transfer to core GlcNAc(Fuc)-substituted trastuzumab which has subsequently reacted with DTT during sample preparation.
Preparation of Trastuzumab-(F 2 −GalNBAz), III-5. Trimmed trastuzumab II (10 mg/mL) was incubated with UDP F 2 −GalNBAz 5 (5 mM) and β(1,4)-Gal-T1(Y289M) (1 mg/mL) in 10 mM MnCl 2 and 25 mM Tris-HCl pH 8.0 at 30°C overnight. Mass spectral analysis of a DTT-reduced sample indicated the formation of a one major product (49 813 Da, approximately 90% of total heavy chain), resulting from F 2 − GalNBAz transfer to core GlcNAc(Fuc) substituted trastuzumab heavy chain.
General Protocol for Conjugation of Cyclooctyne Constructs (BCN/DBCO) to azido-mAbs III. Three volumes of a solution of the appropriate trastuzumab(azide) 2 III (20 mg/mL in PBS pH 7.4) were added to one volume of a solution containing the BCN/DBCO compound (≥1.2 mM solution in Milli-Q and/or organic cosolvent). Analytical scale reactions were performed at 10 μL scale and samples were taken at preset time points. Mass spectral analysis was performed as described above to determine the conjugation efficiency (see Table 1 ).
Preparative scale reactions were purified on a Superdex 200 10/300 GL (GE Healthcare) using an AKTA purifier-10 (GE Healthcare).
